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We study the supersymmetric Q balls which decay at present and find that they create a distinctive
spectrum of gamma rays at around O(10) MeV. The charge of the Q ball is lepton numbers in order
for the lifetime to be as long as the present age of the universe, and the main decay products
are light leptons. However, as the charge of the Q ball decreases, the decay channel into pions
becomes kinematically allowed towards the end of the decay, and the pions are produced at rest.
Immediately, 7° decays into two photons with the energy of 67.5 MeV, half the pion mass, which
exhibits a unique emission line. In addition, ot decay into ;ﬁﬂ which further decay with emitting
internal bremsstrahlung, whose spectrum has a sharp cutoff at ~50 MeV. If the observations would
find these peculiar features of the gamma-ray spectrum in the future, it could be a smoking gun of

the supersymmetric Q-ball decay at present.

I. INTRODUCTION

There exist non-topological solitons, Q balls 1], which
consist of scalar fields such as squarks and sleptons in su-
persymmetric theories [2]. Q balls with large charge can
form after inflation |3, 4] & la Affleck-Dine |5]. Large Q
balls with @ being the baryon number are stable against
the decay into nucleons, and could be dark matter of the
universe |3]. Such Q ball dark matter may be detected
in the large volume detectors |6-9]. If detected, it is not
only the detection of the dark matter, but also might be
the observational clue of the supersymmetry (SUSY).

On the other hand, large Q balls with lepton charge
is not stable against the decay into light leptons, but
they could long lived. Their decay leaves some obser-
vational consequences such that they may result in the
source of the 511 keV line gamma rays from the Galactic
Center [10], provide late-time entropy production |11], or
enhance the secondary gravitational waves [12, [13].

Here we study yet another way to find the observa-
tional trace of SUSY Q balls with @ being the lepton
number. We look for clues of the Q balls whose lifetime
is just as long as the present age of the universe. Since the
charge of the Q ball (lepton number in this case) should
be very large for such lifetime, the mass per unit charge
is a little bit larger than the electron (positron) mass.
Therefore, QQ balls decay into neutrinos, anti-neutrinos,
electrons, and positrons in the first place, decreasing the
Q-ball charge. As the charge gets smaller, the mass per
unit charge becomes larger, and finally the decay chan-
nels to pions open up towards the end of the decay, and
hence the pions are produced almost at rest. This is the
unique feature of the Q-ball decay.

Produced pions decay immediately. Neutral pions de-
cay into two photons with the energy of half the pion
mass, which shows a 67.5 MeV emission line, while
charged pions decay into muons, which further decay
emitting photons through internal bremsstrahlung (IB).
The resulting spectrum of the photons has such peculiar

features in the 1-100 MeV range.

The structure of the paper is as follows. In the next
section, we provide basic characters of the Q ball con-
sidered in this paper. In Sec.ITI, we investigate the pro-
cess of the decreasing charge @ for the Q-ball decay at
present, and consider the decay products and their frac-
tions in Sec. IV. In Sec.V, we estimate the gamma-ray
spectra produced by the Q-ball decay for both the Galac-
tic and extragalactic emissions. Finally we conclude in
Sec. VI. We explain the internal bremsstrahlung in pion
and muon decays in Appendix A, and the upper bound
on Q-ball abundance in Appendix B.

II. Q BALLS IN THE GAUGE MEDIATION

The Q ball is the energy minimum configuration of
the scalar fields for the fixed charge @ [1]. Those scalar
fields @, called flat directions, are all classified in terms
of gauge-invariant monomials in the minimal supersym-
metric standard model |14, [15]. In the gauge-mediated
SUSY breaking scenario, the scalar potential is written
as

o2\* |2
%) + m§/2 (1 + Klog %) |,
(1)
where mg/; is the gravitino mass and Mp = 2.4 x
10'® GeV is the Planck mass. The first term comes from
the gauge-mediation effects above the messenger scale
Mg [16]. MF is related to the F' component of a gauge-
singlet chiral multiplet in the messenger sector, and its
range is given by [9]

V(®) = Mp (log

4x10* GeV £ Mp S 0.1 (ms M) . (2)

The second term is due to the gravity-mediation effects.
Here, K is a coefficient of the one-loop corrections to
the mass, and negative for most of the flat directions
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with | K| =0.01-0.1. Since the gravitino mass is relatively
small in the gauge-mediation models, the second term
dominates over the first one for field values larger than
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(3)

where we define ® = %qﬁew.

There are two types of the Q ball depending on which
term of the potential is dominant when it forms. If the
first term of Eq.()) dominates the potential, the gauge-
mediation type Q balls are created, while the so-called
new-type Q balls are produced when the second term
overwhelms the first [17]. The important property which
concerns with following discussion is the mass per unit
charge of the Q ball, wg, equivalent to the effective mass
of @ inside the Q ball:

V2r¢CMpQ~1* (gauge-med. type),
wQ = (4)

m3/2 (new type),

where ¢ ~ 2.5 [18].

As shown later, we need very large charge @) so that
the new-type Q balls form for the field amplitude well
above ¢.q. The charge of the Q ball is thus estimated as

f19)
QzﬁN(% )2, (5)

msz/2

where By ~ 0.01 [20], and ¢ is the amplitude of ¢ at
the beginning of its oscillations. The mass and size of
this type of the Q ball are given respectively by [17, 21]

Rq =~ |K|"*mg); (6)
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III. Q-BALL DECAY

Q-ball decay occurs if some decay particles carry the
same kind of the charge of the Q ball and the mass of all
the decay particles is less than the mass of the Q ball per
unit charge wg. Since the decay products carrying lepton
numbers are light fermions, once the Fermi sea is filled,
further decay proceeds only when produced fermions es-
cape from the surface of the Q ball. The upper bound of
the decay rate is thus determined by the maximum out-
going flow of the fermions [22]. This saturation occurs
when the field value is large inside the Q ball, which is
the case here. Then the decay rate is estimated as [22]

1w 2 m3/2
To~~ ATR2 ~ — 22 7
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where we use Eq.(@) in the last equality. Since we con-
sider the Q balls that decay at present, its lifetime is set

to be 7 = 1"221 ~ to ~ 13.8 Gyr, which leads to the
charge of the Q ball as

-1
~ 38 ﬁ msz/2
@=22x10 (0.02) (MeV) ' )

From Egs. () and (&), we obtain the charge of the formed
new-type Q ball and the gravitino mass respectively as

1/3 —2/3 2/3

Qp ~ 6.3 x 10% By (KLY %\
- 0.01 0.02 03Mp)
(9)

By \ 3 K| 1/3 b0\

~ 2.9 MeV | 2N 121 .
majp = 2.9 MeV (0.01 0.02 0.3Mp

(10)

Notice that the scenario works for broader parameter
space, but here we take ¢9 = 0.3Mp and |K| = 0.02
as a typical example.’

As the charge of the Q ball decreases, the new-type Q
ball transforms into the gauge-mediation type |23] when
the charge becomes

M 4
Qtrf_v4< F) z2.8><1038(

msz/2
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2.9 MeV) ’ (11)

where we use the upper bound of Mp in Eq.([@) in the
second equality. Thereafter, wg increases as the charge
diminishes as in the upper line in Eq.[). Since pions
consist of quark and anti-quark pairs, the decay channel
to pions opens when wg = m,/2, where the charge of
the Q ball becomes

4
O ~ (2\/§”<> M2 ~ 3.0 x 103 (

M

msy/2
2.9 MeV) - (12)

Here the upper bound of Mp in Eq.([2)) is used in the last
equality. As the decay into pions has just come to be
kinematically allowed at that time, pions are produced
at rest. This is the unique property of the Q-ball decay.

In Fig. [l we show the evolution of the charge of the
Q ball by the purple arrow. Here we plot the charge
at the formation (@), that for the decay at present (g,
that when the transformation from the new-type into the
gauge-mediation type takes place (1), and that when the
decay channel to pions opens (I2]) as the function of mg 5,
for ¢o = 0.3Mp and |K| = 0.02.

IV. DECAY PRODUCTS

We must identify the particles emitted by the Q-ball
decay. To this end, we choose the ®°% = QuQue direc-

1 For the gravitino mass smaller than 100 keV, the gauge-
mediation type Q balls can form and decay at present to produce
same signatures of MeV gamma rays.
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FIG. 1: Evolution of the Q-ball charge is shown in the purple
arrow. We show the charge at the formation (), that for
the decay at present (8), that when the transformation from
the new-type into the gauge-mediation type takes place (1),
and that when the decay channel to pions opens (I2)) as the
function of mg/s, for ¢o = 0.3Mp and |K| = 0.02, in blue,
red, magenta, and green lines, respectively.

tion as a concrete example below.? Q represents SU(2) -
doublet squarks, u and e are SU(2)-singlet squarks and
sleptons, respectively. We further assume that they con-
sist only of the fields in the first generation, so that it can
be written as @y u3dLURER. Since this direction carries
lepton number L = —1, the field ® possesses L = —1/5.

In the process of the Q-ball decay, all the decay parti-
cles must have masses smaller than wg, and some should
carry anti-lepton numbers. In addition, the electric
charge neutrality holds through the decay process, since
the Q ball consists of the flat direction which is gauge
invariant. Thus the composition changes before and af-
ter the decay channel into pions opens. Before that time,
it is kinematically allowed to decay only into electrons,
positrons, neutrinos, and anti-neutrinos.® Selectrons €n
carrying anti-lepton number decay into anti-electron neu-
trinos 7. Since the Q-ball decay is saturated, there is no
phase space left for v, to be further produced. There-
fore, the other decay particles are the following six pat-
terns of combinations: v,U,v,V,, VDuViUr, VrUrVsly,
vppete™, vrvete, and ete ete.

On the other hand, after the decay into pions are
kinematically allowed, anti-lepton numbers could be con-
veyed by eT, in addition to 7., since 7~ exists in the
decay particles to compensate the electric charge of
positrons. The phase spaces of produced 7, and et are
filled by the saturated decay so that they cannot be in-

2 Similar argument holds in other leptonic directions.

3 The branching ratio to photons can be extremely suppressed due
to the very small left-right mixings for squarks and sleptons for
the first and second generations [24].

cluded in the remaining decay particles. In the case of 7,
the combinations of other decay particles are v, v,v,,,
2T i 7 Vo V2 Ve 7T+V867, 7T+V#u’, T VU, T Vrlr,
ntr~, or 7%, while they are 7~ 7%, 7~ v, 1, or TV U,
for e™.

Now we are ready to estimate the fraction of the pro-
duced particle per unit anti-lepton number or per unit
charge of the @Q ball. After pions are kinematically
allowed to produced from the Q-ball decay, the num-
bers of particles per unit Q-ball charge are obtained as
fro = 1/12 for 7°, f.+ = 1/20 for 7+, fr- = 1/15 for
7, fu- = 1/60 for p~, while f.+ = 2/15 for et when
the decay channel to pions is not open.

V. PHOTON SPECTRUM
A. Galactic gamma-ray emission

Pions are produced at rest just after they are kinemat-
ically allowed, and immediately they emit photons which
has peculiar spectrum as explained in the following. m°
decays into two photons with the energy of half the 7
mass, 67.5 MeV. We first consider the Galactic gamma-
ray emission. The spectrum of this line gamma rays can
be obtained as

dd 1 Q0D @ €
2 02y Q ™ v
= 02 13
© de, A1 woATo Qb I (Ae,,> v (13)

where g is the density parameter of the Q ball. Arg =
&to, where € represents the uncertainty of the lifetimes of
the Q balls due to some variance in their sizes. Ae, /e is
the energy resolution of the observation. Q,/@p implies
the fraction of the charge of the Q ball that can decay
into pions, and f,o is the number of 7% produced per unit
Q-ball charge, as described in the previous section. D is
a D-factor, given by

1 Smax
D= E/ dfdbcosb/O dsppm(r(¢,b,)), (14)

AQ

where ¢ and b are Galactic longitude and latitude, re-
spectively.  AQ denotes the solid angle of the ob-
servation. s is the distance along the line of sight.
The distance from the Galactic Center is expressed as
r(6,b,s) = (R3¢ — 2sRac cos ) + s2) /%, where 1 is the
angle between the direction to the Galactic Center and
the line of sight so that cos®¥ = cosfcosb. Smax =
(R2y — sin? 0 R2)""* + Rac cos b with Ryw = 30 kpe
being assumed as the size of the dark halo. We adopt the
Navaro-Frenk-White profile [25] for the dark matter halo
density, written as

Po
—_—. (15)
(%) (1+%)
T0 T0
Here we take pg = 0.53 GeV/cm?® and 7y = 15 kpc so
that we have the solar local density of ppm(Rcac) =

pom(r) =



0.4 GeV/cm3, where Rgc = 8.23 kpc is the distance
to the Galactic Center from the sun [26].

On the other hand, 7+ and 7~ decay into u* and p~,
respectively. Photons are emitted through the internal
bremsstrahlung with the branching ratio [27-29)

dBﬂ-IB - [0 1 2 1

de 2 (1 —p)2mgs
y {:172 +4(1-p)(1 —a:)} (22 +p—1)
1—x
9 1—2
+{2(1-p)Q+p—2z)+2°}log |
(16)
where @ = 1/137 is the fine structure constant, p =

(mu/my+)?, and © = 2e,/m;+. See Appendix A for
the details. The spectrum of IB photons is thus given by

dBriB 5
dey, 7

82 dq)‘rrIB 1 QQD er
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frt

where fr+ = fr+ + fr— = 7/60 since the spectrum of
internal bremsstrahlung is the same for both 7+ and 7~
decays.

In addition, u™ and pu~ decay into et and e, respec-
tively, similarly emitting internal bremsstrahlung with
the branching ratio [30]

dB#IB - a 2 2(1—y)

de N 2rm, 3y
17 3 16 55
- — —(1- 1=y -=(1-9)°
5~ 20—+ 5=y -5 -y)

1—y

+{3-2(1-y)*+2(1 —y)*} log , (18)
where ¢ = (me/m,)? and y = 2e,/m,,. See Appendix A
for the details. The spectrum of the IB photons is then

written as
Qd(I),uIB . i QQD Qﬂ- dB;LIB 9

= = 2,
7 de, A7 woATo Qp M dey 7

(19)

where f,+ = fr+ + f,~ = 2/15, since the charged pions
decay into muons.

We illustrate the spectra (I3]), (IT7) and ([I9) in Fig.
Here we consider the region with |[¢| < 30° and |b| < 5°,
and set Qg/¢ ~ 1 x 107%, well below the rough up-
per bound explained in Appendix B.* Also shown are
the observations of the gamma-ray diffuse emission from

4 Since Q-ball abundance would be by far much larger than this
value for usual formation & la Affleck-Dine, it is necessary to
reduce it. One mechanism is considered in Ref. [10] using res-
onant decay of the flat direction in most of the region of the
universe, and another one may be late-time entropy production
before nucleosynthesis.

the inner Galactic region measured by COMPTEL in 1-
30 MeV [31] and EGRET in 30-100 MeV [32]. We adopt
Ae, /e = 0.15 in Eq.(I3)) to compare with the EGRET
data [33]. Tt should be noted that the spectra obtained
by COMPTEL and EGRET include the Galactic diffuse
emission, and there may be an excess component in ad-
dition to the Galactic diffuse emission to reconcile with
the observed spectra (See, e.g., Refs. |32, 134, 135]). The
excess could be contributed from the gamma rays orig-
inated from the Q-ball decay, unresolved sources [36],
dark matter [37-39] and/or cosmic neutrinos [40], or may
be explained by the uncertainties of the model of the
Galactic diffuse emission (e.g., Ref. [41]).
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FIG. 2: Photon spectra from the Q-ball decay. We display
the spectra (I3), (I7) and (@3) in blue, green, and red lines,
respectively. Observations of the Galactic diffuse gamma-ray
emission are also shown in cyan (COMPTEL) and gray points
(EGRET).

We can see that the unique feature of the spec-
trum is the line-gamma rays at €, = 67.5 MeV. As-
trophysical sources could hardly produce such an emis-
sion line. It could be detected by future observations
such as AMEGO-X [42], CubeSat for MeV observa-
tions (MeVCube) [43], e-ASTROGAM [44], GECCO [45],
GRAINE [46], GRAMS [47], and SMILE-3 [48].°6 For
example, GRAMS has 67.5 MeV line sensitivity of ~
10=% MeV/cm? /s [47]. Detection of this line by some fu-
ture observations would prove this Q-ball decay scenario.
If not, it may result in lowering the upper bound on Q.
In addition, the Q-ball decay produces almost the same
amount of 7° and 7+, so that photons from the radiative
muon decay through the internal bremsstrahlung will ap-
pear in the energy range e, < 50 MeV with a sharp cut-

5 Although the gamma-ray data by Fermi-LAT below 100 MeV is
available, there is no dedicated search for 67.5 MeV line emission
because of the technical difficulty at the lower energy band.

6 COSI-SMEX [49], to be launched in 2027, is not sensitive to the
gamma rays above 5 MeV.
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off at around 50 MeV. Continuum sensitivity of GRAMS
may reach to observe this internal bremsstrahlung on the
top of the diffuse background for a satellite mission [47].
Measurements of the 67.5 MeV line and/or this broad
spectrum with a cutoff at around 50 MeV could be the
evidence of the Q-ball decay model.

B. Extragalactic gamma-ray emission

Let us now study the extragalactic gamma-ray emis-
sion. For 7° — 2+, taking into account the cosmic ex-
pansion, we can estimate the present flux as [50, [51]

/ QQpcO &

ext 2 t
52 —d(I)2V = i / ’ dt 0
v d{:‘.y 4 (1—&)to wQATQ QD

%2(1 4 2)d [a; - m;} : (20)

where p. is the present critical density of the universe,
z is the redshift, and €/, = (1 + z)e, is the photon energy
produced at the decay time for the photon with energy
€y at present. The redshift z is related to cosmic time ¢
as

dt

~1/2
- TF e

(1 =5/2g-11Q _ A
(1+2) 0 M+(1+z

where Hj is the Hubble parameter at present, ), and
Q, are the present density parameters of matter and cos-
mological constant, respectively, and the flat universe is
assumed. Therefore, we obtain the flux as

ex 3/2
2098 1 Qopw Qu, (25 /
v dé‘,y 27 wQATQHO QD = Mo

—1/2

Om + Qp (5187 )3] . (22)
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Notice that the spectrum has a rather narrow shape
where the upper and lower edges are respectively located
at the energy of 67.5 MeV and 67.5/(1+ z¢) MeV, where
z¢ corresponds to the redshift at the cosmic time (1—¢&)t.
For the internal bremsstrahlung from pions, we have

L I ) Qopeo Qr
€ = dt' ——— ek
1-6n  wATQ Qb

7 dey Am
dBr1B

X(1+2)

where Eq.(T6]) is used. Changing the variable of integra-
tion to z, we obtain
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(25)

On the other hand, the spectrum of the internal
bremsstrahlung from muons can be calculated as

2 d@ffﬁ% _ 5% fo av’ Qgpeo Qr

= — +
v d{:‘.y 4am (1—8&)to wQATQ QD "
dB.1B
x(1+ 2) d;’ (), (26)
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where Eq.(I8) is exploited. Converting the variable of
integration to z, we get

L o Qopo Qr
v d{:‘.y 47TWQATQH0 QD "
e 2y (A4+2)22) +J; (1 +2)2
[ ) o )
0 \/QM(1+Z)5+QA(1+Z)2

(27)

where Eqs.([AD) and (Af) are used.

We plot the spectra of (22), @4) and 1) in Fig.
The integrals in Eqs.(24) and @27) are estimated numeri-
cally. Cosmological parameters are set to be 3, = 0.311,
Qp = 0.689, and Hy = 67.7 km/s/Mpc [52]. We il-
lustrate the cases for £ = 0.1 and 0.5, which corre-
spond respectively to z¢ >~ 0.1 and 0.8. Also shown are
the observations of the extragalactic diffuse gamma-ray
emission by EGRET (above 30 MeV) [53], COMPTEL
(below 30 MeV) [54], and the Solar Maximum Mission
(SMM) Gamma-Ray Spectrometer in the energy range
0.3-8.0 MeV [55]. The origin of this extragalactic MeV
gamma-ray background remains unknown, and contribu-
tions from seyfert galaxies or blazars are suggested (e.g.,
Refs. [56, 57]).

We can see a thick line-like emission at < 67.5 MeV,
and broad spectra of internal bremsstrahlung with sharp
cutoffs at 50 MeV and 30 MeV for muon and pion decays,
respectively. They have similar features as in the Galac-
tic diffuse gamma-ray spectrum. Future MeV gamma-ray
observations could prove or falsify these signals from the
Q-ball decay.

VI. CONCLUSION

We have investigated the observational clues of the
SUSY Q balls which decay at present. Such Q balls
are realized by having very large lepton numbers as the
charge of the Q ball in the gauge-mediated SUSY break-
ing models. The new-type Q balls form and transform
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FIG. 3: Extragalactic photon spectra from the Q-ball decay.
We display the spectra (22]) in blue, (24)) in green, and 27)) in
red lines. Solid and dashed lines denote the cases with £ = 0.1
and 0.5, respectively. Observations of the extragalactic diffuse
gamma-ray emission are also shown in cyan (COMPTEL) and
gray (EGRET) points, and in orange lines (SMM).

to the gauge-mediation type towards the end of the de-
cay. Then the mass per unit charge wq increases as the
charge Q) decreases, and subsequently the decay channels
into pions become kinematically allowed to create pions
at rest. This is the distinctive mechanism of the Q-ball
decay to produce pions at rest.

Neutral pions decay into two photons with the energy
of half the pion mass, making the sharp emission line
at 67.5 MeV. If detected, it would be a smoking gun of
the SUSY Q ball since it is the unique feature of the
Q-ball decay and no astrophysical sources would create
such an emission line. In addition, charged pions decay
into muons which further decay radiatively to emit inter-
nal bremsstrahlung whose spectrum has a sharp edge at
around 50 MeV. We may expect that these photons could
be detected by future MeV gamma-ray observations.
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Appendix A: Internal bremsstrahlung

When charged pions decay into muons, they partially
emit internal bremsstrahlung. Its differential branching

ratio is written as [27-29]

dBr1B B g 1 l—w+p
dedw 27 (1 —p)222(z+w—1—p)
2zp(1 — p)
x |22 4+2(1 — 1l—-p)— ———
42— )1 -p) - 2P
(A1)
where @ = 1/137 is the fine structure constant, p =

(mu/mge+)?, © = 2ey/my+, and w = 2E,/m,+ is the

normalized muon energy. w- and x-ranges are
2,p< w <1+p,

v w?2—4p v w2 —4p
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2 2 ’
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respectively. Integration with respective to w over the
w-range of (A2)) leads to
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On the other hand, polarized muons are produced by
the decay of charged pions at rest. The photon spectrum
by radiative muon decay is given by [30]

dB(p* — e*viy) 1
dyd cos 6, v [J+(y) (1 £ Py, cosb,)

+J_(y) (1F Pucosb,)] (Ad)

where y = 2¢,/m,,, P, is a magnitude of the muon spin
polarization vector, 6, is the angle between the muon
spin polarization and the photon momentum. J (y) and
J_(y) are written respectively as

Ji(y) = (%T(l—y) [(BIOgl_Ty_%?>
(310 =Y 4 7)1y
(-s10s =L +7) 1-0)
4—(2log1;y_1_33>(1—y)2]7 (A5)
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+ (2 logl;qy - %) (1- y)z} . (A6)



where ¢ = (me/m,,)?. Since the produced muons have
no specific direction, we must integrate Eq.(A4) with re-
spect to 6, over the whole angles, and hence obtain the
spectrum as

dBus 2
by y[J4(y)+-J—(yﬂ
_ a2 -y)
2 3y
17 3 16 55
L Z2a- (1 —y)2 =221 —y)3
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Appendix B: Rough constraint on {2g

Q-ball decay produces positrons with energy < wg
which may annihilate with electrons at the Galactic Cen-
ter to generate 511 keV gamma rays. Since the mor-
phology of the dark matter halo in our galaxy is still not
known, we make very rough estimate for the upper bound

of the Q-ball abundance according to Ref. [58]. Assum-
ing the half of the total 511 keV flux is emitted from an
angular region of 9° circle, we have

f

M(<90)QQ J
4

— 1 2
WQATQ fe+ |: + (1 — f):| = 5(1)51147TRGC’ (Bl)

where f is the fraction of positrons which annihilate via
positronium, ®511(~ 1073 cm™2s71) is the observed total
flux of 511 keV line, and Atg = £1g. We assume 79 =~ .
The total mass within the 9° circle is given by

Mgy = / PDM (r)47r7°2 dr. (B2)
(<9°)

Therefore, we obtain the constraint on the density pa-
rameter as
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